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Cellular/Molecular

Disruption of Krox20 -Nab Interaction in the Mouse Leads
to Peripheral Neuropathy with Biphasic Evolution

Anne Desmaziéres,'2 Laurence Decker,'? Jean-Michel Vallat,’ Patrick Charnay,'? and Pascale Gilardi-Hebenstreit'-2
Inserm U784, 75230 Paris Cedex 05, France, 2Ecole Normale Supérieure, 75230 Paris Cedex 05, France, and *Laboratoire de Neurologie, Centre Hospitalier
Universitaire Dupuytren, 87402 Limoges, France

Krox20/Egr2 is a zinc finger transcription factor that plays essential roles in several developmental processes, including peripheral
nervous system myelination by Schwann cells, where it acts as a master gene regulator. Krox20 is known to interact with cofactors of the
Nab family and a mutation affecting isoleucine 268, which prevents this interaction, has been shown to result in congenital hypomyeli-
nating neuropathy in humans. To further investigate the role of this interaction, we have introduced such a mutation, Krox20**, in the
mouse germ line. Clinical, immunohistochemical, and ultrastructural analyses of the homozygous mutants reveal that they develop a
severe hypomyelination phenotype that mimics the human syndrome. Furthermore, a time-course analysis of the disease indicates that
it follows a biphasic evolution, the hypomyelination phase being followed by a dramatic demyelination. Although for the regulation of
most analyzed Krox20 target genes the mutation behaves as aloss of function, this is not the case for a few of them. This differential effect
indicates that the molecular function of the Krox20-Nab interaction is target dependent and might explain the degradation of the
residual myelin, because of imbalances in its composition. In conclusion, this work provides a novel and useful model for severe human

peripheral neuropathies.

Key words: transcription factor; Charcot-Marie-Tooth disease; animal model; myelin; hindbrain segmentation; cranial ganglia

Introduction

The lineage leading to the generation of myelinating Schwann
cells includes several intermediates: Schwann cell precursors, and
immature and promyelinating Schwann cells (Mirsky and Jessen,
1996; Zorick and Lemke, 1996; Jessen and Mirsky, 1998). The
engagement of immature Schwann cells into the process of my-
elination has been shown to rely on the expression of a few spe-
cific transcription factors. Hence, Oct6/SCIP and then Brn2 are
required together with Sox10 for the transition between imma-
ture and myelinating Schwann cells (Bermingham et al., 1996;
Britsch et al., 2001; Jaegle et al., 2003). A major role of these
factors is to synergistically and directly activate the transcription
of another transcription factor gene, Krox20/Egr2 (Chavrier etal.,
1988; Ghislain et al., 2002; Ghislain and Charnay, 2006). Krox20
is absolutely required for the progression of promyelinating
Schwann cells into myelination and for the expression of most
myelin-specific genes (Topilko et al., 1994; Le et al., 2005a). Ad-
ditional evidence suggest that Krox20 constitutes a master regu-
lator of the myelination process, because its forced expression
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results in an arrest in cell proliferation (Parkinson et al., 2004)
and in the induction of genes encoding structural myelin proteins
and enzymes involved in lipid synthesis (Nagarajan et al., 2001;
Le et al., 2005a), presumably as a result of direct transcriptional
activation (Bondurand etal., 2001; Musso et al., 2001; Taveggia et
al., 2004; LeBlanc et al., 2005, 2006).

In accordance, various Krox20 mutations have been associ-
ated with human peripheral neuropathies, including different
forms of Charcot-Marie-Tooth disease, Dejerine—Sottas Syn-
drome, and congenital hypomyelinating neuropathy (CHN)
(Warner et al., 1998; Bellone et al., 1999; Timmerman et al., 1999;
Pareyson et al., 2000; Boerkoel et al., 2001; Yoshihara et al., 2001;
Szigeti et al., 2007). Whereas most of these mutations affect the
DNA binding domain, another type corresponds to the specific
replacement of the isoleucine at position 268 (Warner etal., 1998;
Szigeti et al., 2007). This amino acid has been shown to be re-
quired for the interaction of the closely related factor Egrl/
Krox24 with its cofactors Nab1 and Nab2 (Swirnoff et al., 1998;
Warner et al., 1999), suggesting that this interaction is also essen-
tial for Krox20 function. The Nab proteins were initially de-
scribed as antagonists of Krox20 activity in several instances
(Russo et al., 1995; Swirnoff et al., 1998), including the regulation
of the myelin gene Mpz in cultured cells (LeBlanc et al., 2006).
However, an agonistic role is supported by the double mutation
of Nabl and Nab2 in mice, which leads to severe hypomyelina-
tion of the PNS (Le et al., 2005b). These apparently conflicting
data question the precise role of the Krox20—Nab interaction in
vivo. To clarify this issue and to develop a bona fide mouse model
for the CHN associated with the isoleucine 268 (I1268) mutation,
we generated and characterized a mouse mutant carrying a point
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mutation leading to the replacement of 1268 by a phenylalanine
(F), a change that we have shown abolishes the interaction with
Nab proteins.

Materials and Methods

Generation of mutant mice and genotyping. The Krox2 allele was
obtained by modification of a construct used previously for the genera-
tion of a Krox20™*"* allele (Taillebourg et al., 2002). The Kpnl-BamHI
fragment containing the loxP site located in the intron was replaced by
the wild-type fragment. The I268F mutation (conversion of a TTC codon
into ATC) was introduced into an intermediate construct by PCR and the
BamHI-Sfil fragment carrying this mutation was used to replace the
wild-type fragment in the targeting construct. The Krox20" %% allele
was transferred to the mouse germ line in the Institut Clinique de la
Souris (Strasbourg, France) by homologous recombination in embry-
onic stem (ES) cells followed by blastocyst injection. To generate the
Krox20™%5F allele, Krox20™%%"Ne° males were mated with PGK-Cre™ fe-
males, which express Cre in the germ line (Lallemand et al., 1998). Pres-
ence of the I268F mutation in the founders was verified by PCR amplifi-
cation of a fragment using primers m1 (5'-TCC ACC ACT TCC ACC
TCC TC-3") and m2 (5'-ACA ACC TTC TGC TGG GCA GG-3'), and
subsequent sequencing using the following primer: 5'-CAC GGT GCT
GCT GGC CCA - 3'. Genotyping was then performed using primers p1
(5"-GGG CTT GCA TTC TAC AGT GGT GGT C-3'), p2 (5'-AGT TGA
CAG CCC GAG TCC AGT GG-3'), and p3 (5'-TTG GCG CCT ACC
GGT GGA TGT GG-3') (see Fig. 1 A). Recombinant DNA and animal
manipulations were performed according to French and European
Union regulations.

Quantitative RT-PCR. For quantitative RT-PCR analysis, total RNA
was isolated from mouse sciatic nerves using the RNAqueous-micro kit
(Ambion) and RNeasy Fibrous Tissue Mini kit (Qiagen) for postnatal
day 4 (P4) and (P20) animals, respectively. Total RNA (500 ng) was used
to generate cDNA using the pSuperscript III RNase H reverse transcrip-
tase (Invitrogen). Relative levels of gene expression were measured in
triplicate by quantitative reverse transcriptase (RT)-PCR on a Lightcycler
(Roche) using the Quanti Tect SYBR Green kit (Qiagen) and cyclophilin,
pPox (protoporphyrinogenoxidase), and tubulin for normalization, us-
ing at least two sets of wild-type and mutant animals for each compari-
son. Primer sequences are available on request.

Electron microscopy. Sciatic nerves were fixed for 3 h in 2.5% glutaral-
dehyde in Soerensen’s buffer and osmificated for 1 h in 2% OsO, (Poly-
sciences). Nerves were rinsed in Soerensen’s buffer, dehydrated in graded
acetone, and embedded in Epon 812-Araldite. For light microscopy anal-
ysis, semithin sections were stained with toluidine blue. Ultrathin sec-
tions were stained with uranyl acetate and lead citrate and observed with
a Philips CM10 electron microscope. The g-ratio was calculated by divi-
sion of the axonal diameter by total fiber diameter. Measurements of
g-ratio were performed on ~150 axons with a diameter of at least 1 wm
per mouse, using three mice for each genotype. Statistical significance
was evaluated using the Student’s test.

Cell proliferation and apoptosis assays. To estimate the rate of cell pro-
liferation, an intraperitoneal injection of bromodeoxyuridin (BrdU; 30
mg/kg body weight; Sigma) was performed and the animals were killed
2 h after the injection. Sciatic nerves were collected and processed for
BrdU immunostaining, and nuclei were counterstained with bisbenzim-
ide (Hoechst 33342; Sigma). The rate of apoptosis was estimated using a
terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling (TUNEL) staining kit (Apoptag Red In Situ Apoptosis De-
tection kit; Millipore). The number of BrdU-positive or TUNEL-positive
nuclei and the total number of nuclei were determined (~1500 nuclei for
each condition).

Western blotting, immunohistochemistry, and in situ hybridization.
Western blotting with anti-Krox20 (1:2000; Covance) and anti-actin (1:
5000; Sigma) polyclonal antibodies have been performed on sciatic
nerves as described previously (Decker et al., 2006). For immunochem-
istry on sections, nerves were collected, fixed in 4% paraformaldehyde
for 2 h, incubated overnight at 4°C in 20% sucrose, embedded in Tissue-
Tek OCT compound (Gassalem), and frozen in isopentane (—60°C).
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Longitudinal or transversal sections (16 um thick) were collected using a
Leica cryotome. Sections were incubated for 30 min in 0.1 M PBS con-
taining 5% goat serum and 0.25% Triton X-100 and then overnight at
4°C with the following primary antibodies: a rat polyclonal anti-maltose-
binding protein (MBP) antibody (1:100; Millipore), a mouse monoclo-
nal anti-Mpz antibody (1:5, mouse IgG hybridoma) (Yoshimura et al.,
1996), and a rabbit anti-neurofilament NF200 antibody (1:100; Sigma).
Sections were then incubated for 1 h with appropriate fluorophore-
conjugated secondary antibody (Jackson ImmunoResearch). For BrdU
detection, sections were treated for 30 min at room temperature with 2N
HClin 0.1 M PBS containing 0.25% Triton X-100, washed twice in 0.1 M
borate buffer, pH 8.5, and incubated at 4°C with a rat anti-BrdU antibody
(Oxford Biotech), which was subsequently revealed with a Cy3-labeled
anti-rat antibody (Jackson ImmunoResearch). Nuclei were counter-
stained with Hoechst 33342. Sections were mounted in Aqua poly/
Mount (Polysciences) and analyzed on Leica DMRD and TCS 4D con-
focal microscopes. Neurofilament immunochemistry on whole-mount
10.5 d postcoitum embryos was performed as described previously
(Helmbacher et al., 2000). Embryos were then photographed using a
Nikon SMZ1500 system. For in situ hybridization, postimplantation
mouse embryos were recovered at the appropriate stage, fixed overnight
at 4°Cin PBS containing 4% paraformaldehyde, and progressively dehy-
drated in methanol and processed for whole-mount in situ hybridization
as described previously (Seitanidou et al., 1997). The origins of the
digoxigenin probes were as follows: Nabl and Nab2 (Mechta-Grigoriou
etal., 2000), Krox20 (Wilkinson et al., 1989), EphA4 (Gilardi-Hebenstreit
etal,, 1992). Flat-mounted neural tubes were photographed using a Leica
DMRD microscope.

Results

Evolutive and fatal paralysis in Krox20”°*"?%" mutants

To evaluate the effect of the I268F mutation on the interaction
between Krox20 and Nab proteins, we performed cotransfections
of expression vectors into COS-7 cells, followed by immunopre-
cipitation of the cell extracts with an antibody directed against
Krox20. Western blotting analysis indicated that Nab2 was coim-
munoprecipitated with wild-type Krox20, but not with the pro-
tein carrying the I268F mutation (supplemental Fig. 1, available
at www.jneurosci.org as supplemental material). This indicates
that, as expected, the mutation prevents the interaction with Nab
proteins.

To generate the Krox20™°*F allele, we first constructed a tar-
geting vector carrying the I1268F mutation and the neomycine
(neo) resistance gene (Fig. 1A), which was introduced into ES
cells by homologous recombination and then transferred into the
mouse germ line to obtain the Krox20™°*" allele. In this con-
struct the neo gene was flanked by two loxP sites and the
Krox20™°F allele was subsequently obtained by crossing a het-
erozygous Krox20”°*""*° male with PGK-Cre™ females, in which
Cre is expressed in the germ line (Lallemand et al., 1998). The
Krox20™%*F allele differs from the wild-type allele only by the
presence of the I268F mutation and of a residual loxP site located
in the 3’ flanking region (Fig. 1 A). After verification of the pres-
ence of the [268F mutation in the founders of the line, the geno-
typing of the animals was performed on the basis of the presence
or absence of the loxP site (Fig. 1 B). To evaluate the effect of the
mutation on Krox20 expression, we performed a Western blot
analysis on protein extracts from P4 wild-type, heterozygous, and
homozygous mutant sciatic nerves. It showed that the presence of
the I268F mutation and of the loxP site did not affect the level of
Krox20 protein (Fig. 1C). Therefore these mutations are not
likely to directly affect Krox20 expression, in particular its stabil-
ity, and any phenotype attached to the Krox20”°*" allele should
be the result of changes in the activity of the protein.

No obvious phenotype was observed in Krox20**** het-
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Figure 1.  Generation of the Krox20"?%* allele. A, Schematic representation of the different
Krox20 alleles, including the wild-type gene, the targeting construct, and the intermediate
(Krox20/5¢°) and final (Krox20'***") alleles carrying the 1268F point mutation. The point
mutation is indicated by an asterisk and the loxP sites are symbolized by black arrowheads.
Arrows indicate the positions of the different primers used for PCR amplification. The sizes of the
amplified fragments used for genotyping are indicated underneath. B, PCR analysis of animals
issued from crosses between Krox20'2557¢* or Krox20'*5"* mice. Wild-type (+/+), het-
erozygous (+//268Fneo or +/1268F), and homozygous (/268Fneo/I268Fneo or 1268F/I1268F )
mutant animals are shown. ¢, Western blot analysis performed on 40 g of protein extracted
from sciatic nerves from P4 wild-type, heterozygous, and homozygous 1268F mutant animals.
The blot was probed with an antibody directed against Krox20 and reprobed with an anti-actin
antibody to verify that equal amounts of proteins had been loaded. The comparison reveals no
significant variation in the levels of Krox20 protein between the different genotypes. D, Photo-
graph of wild-type (white arrowhead) and mutant (black arrowhead) littermates at P15. The
mutant is smaller and shows tremors and weakness of the hindlimbs. E, At P20, the same
mutant has developed a paralysis of both anterior and posterior limbs and is affected by breath-
ing problems. Ba, BamHI; Bg, Bglll; RI, EcoRl; S, Spel; S1, Sfil; K1, Kpnl; N1, Notl.

erozygous animals, which were normally fertile (data not shown).
Homozygous mutant mice were obtained at the expected Men-
delian ratios. However, they were usually slightly smaller than
wild-type or heterozygous littermates at birth, and the difference
increased during the second postnatal week so that at P15 their
weight was reduced to ~80% of wild-type littermates, and dete-
riorated further in the following days (Fig. 1 D) (data not shown).
The same period marked the appearance of obvious locomotion
defects, including tremors and abnormal hindlimb coordination.
During the third week, the condition of the mutants dramatically
worsened. At P17, all homozygous mutant animals showed se-
vere difficulties in muscular coordination and in positioning
their hindlimbs and forelimbs (supplemental Video 1, available
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at www.jneurosci.org as supplemental material). These defects
progressed to a paralysis of posterior and, subsequently, anterior
limbs, leading to a complete loss of locomotion at 3 weeks (Fig.
1 E, supplemental Video 2, available at www.jneurosci.org as sup-
plemental material). The animals usually died at around that
time. High-frequency breathing was also observed, suggesting
that the death might be linked to breathing defects. The evolution
of Krox20"°4/12%5F animals was very reproducible: the progres-
sion of the phenotype varied only by a few days from animal to
animal and all died between P19 and P22. These data indicate that
the 1268F substitution leads to evolutive and fatal paralysis at the
homozygous state.

Krox207°%"2%8" mice show peripheral hypomyelination

The phenotype of Krox20™¢*""2%5F animals led us to investigate
possible alterations in peripheral nerves. We first performed an
analysis of brachial and sciatic nerves at P17, when locomotion is
already severely affected. Macroscopic examination of these
nerves revealed that they were abnormal in the homozygous mu-
tant: they appeared translucent and lacked the typical striated
organization of myelinated fibers from wild-type or heterozygous
animals (Fig. 2A, B, E,F,I,]). Analysis of transverse semithin sec-
tions from sciatic nerves stained with toluidine blue (Fig.
2C,G,K), followed by examination of ultrathin sections by elec-
tron microscopy (Fig. 2D, H,L), established the existence of ma-
jor myelin alterations in homozygous but not heterozygous mu-
tants. In Krox20™¢5725F animals, the number of myelinated
axons was diminished and more strikingly the thickness of the
myelin sheath appeared to be systematically reduced. Hence,
amyelinated large-caliber axons were frequently found in ho-
mozygous mutant nerves (Fig. 2L, M), a feature that was never
observed in wild-type or heterozygous animals at this age (Fig.
2D,H). Nevertheless, no sign of axonopathy was detected and
neither the diameter nor the number of axons was significantly
affected (data not shown). The nonmyelinated axons were asso-
ciated with Schwann cells, suggesting that these cells had estab-
lished a one-to-one relationship with axons, a characteristic of
the promyelinating stage. In addition, we frequently observed
myelin unfoldings in homozygous mutant nerves (Fig. 2L, N,
arrows), but no onion bulb structures. Finally, macrophages were
also occasionally found (Fig. 20), suggesting the existence of an
inflammatory reaction. Although the heterozygous mutants pre-
sented no clinical phenotype nor any myelin defect at P17 (Fig.
2E-H), we extended their investigation by performing ultra-
structural analyses of sciatic nerves at P14 and 6 months of age.
No abnormalities were observed in these animals compared with
wild-type littermates (data not shown).

To quantify the variations in myelin sheath thickness of ho-
mozygous mutant animals, we performed a morphometric anal-
ysis of the ultrastructural data, measuring the g-ratio (axon di-
ameter over myelinated fiber total diameter). A mean value of
0.79 was found in homozygous mutants versus 0.62 in wild-type
animals, establishing the existence of a very significant difference
(p<0.005). Consistently, analysis of axonal distribution accord-
ing to the g-ratio indicated a dramatic shift to higher values in
mutant compared with wild-type animals, with in particular
>20% of the axons having a g-ratio ranging from 0.9 to 1 in the
mutants, corresponding to a very severe to total loss of myelin
(Fig. 2P). In conclusion, this analysis revealed that the 1268F
mutation results at P17 in a clear hypomyelination of the sciatic
nerve, with both a decrease in the number of myelinated fibers
and a reduction of myelin sheath thickness. This phenotype is
likely to affect other peripheral nerves as suggested by prelimi-
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Figure2.  Krox20"?%"25F mice show a peripheral hypomyelination at P17. Macroscopic examination of brachial (4, E, /) and
sciatic nerves (B, F, J) indicates that the homozygous mutant nerves are translucent and show an abnormal organization.
Observations of toluidine blue-stained semithin sections (C, G, K) and electron microscopy analysis of ultrathin sections (D, H, L)
of sciatic nerves show that the myelin from heterozygous mice is similar to the wild type, whereas it is altered in homozygous
mutant animals. M0, Higher magnifications confirm the presence of totally amyelinated fibers (M, asterisks) and of myelinated
fibers with an abnormally thin sheath and of unfoldings (N, arrows) in the mutant mice. Macrophages (0, arrowhead) are also
observed. P, Distribution of P17 axons with a caliber superior to 1 wm according to their g-ratio (axon diameter/total
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nary observations of the brachial nerves
(Fig. 2I) (data not shown) and to be re-
sponsible for the observed locomotion
defects.

To investigate whether the hypomyeli-
nation observed in the homozygous mu-
tants was correlated with a deficiency in
myelin protein accumulation, we per-
formed an immunostaining analysis of the
distribution of MBP and P, two major my-
elin proteins, involved in its compaction
and stabilization. Both MBP and P,, levels
were strongly reduced in mutant sciatic
nerves compared with the wild-type situa-
tion (Fig. 2Q,U,R, V). As expected from
the ultrastructural analysis, immunostain-
ing for neurofilaments, which labels axons,
did not reveal any major difference in ax-
onal density between homozygous mutant
and wild-type nerves (Fig. 25,W). In con-
trast, nuclei staining revealed an increase in
cell density in Krox20"**/2658 nerves (Fig.
2T,X). Most of these cells are Schwann
cells, as indicated by the ultrastructural
analysis and immunolabeling for S100 (a
marker of immature and mature Schwann
cells) at P14 (supplemental Fig. 2B,E,
available at www.jneurosci.org as supple-
mental material) (data not shown). There-
fore, the hypomyelination of Krox20™¢*"
26sF nerves is accompanied by a dramatic
reduction in the level of major myelin pro-
teins, despite a likely increase in the num-
ber of Schwann cells.

To further investigate the characteris-
tics of the Schwann cells in the mutant
nerve, we performed double labeling at P17
for Krox20 and SCIP, which is normally
not expressed anymore at this stage in my-
elinating Schwann cells. We observed an
increase in Krox20-positive cells compared
with the wild-type situation, presumably
reflecting the general increase in the num-
ber of Schwann cells (supplemental Fig.
2G,], available at www.jneurosci.org as

<«

myelinated fiber diameter). The statistical significance was
analyzed using the Student’s  test: *p << 0.05; **p << 0.025;
*¥¥p < 0.005. The mean g-ratio is 0.79 in the mutant com-
pared with 0.62 in the wild type ( p << 0.005). Error bars indi-
cate SEM. Q-X, Analysis of transverse sciatic nerve sections by
immunostaining. P, and MBP expression is strongly decreased
in the mutant (U, V) compared with the wild type (Q, R).
Staining for the axonal marker NF200 indicates that axonal
density is not significantly affected in the mutant (S, W),
whereas nuclear staining (Hoechst 33342) reveals an increase
in Schwann cell number (T, X). In the insets (T, X), coimmu-
nostaining with MBP, NF200, and DAPI (4',6'-diamidino-2-
phenylindole dihydrochloride) confirms that MBP is localized
around the axons. Scale bars: (in A) A, B, E, F,1,J, 1 mm; (in €)
C G K 25um; (inD)D,H,L5 pwm;M,N,1 um;0,0.5 wm;
(in @) @-X, 50 pum; (in T) insets, 20 m.
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Time course of myelination reveals a biphasic defect in the mutant. A-J, Electron micrographs of sciatic nerve transverse sections between P8 and P20. At P8 and P14, the mutant nerves

are hypomyelinated compared with the wild type, with amyelinated fibers and thinner myelin sheaths (4, B, E, F). At P17, myelination in mutant mice has improved, but the nerves are still
hypomyelinated (C, G). At P20, when myelination is completed in wild-type animals, mutant mice show a degraded situation compared with P17 (D, H). 1, J, Higher magnifications corresponding
to homozygous mutant nerves reveal presence of uncompacted myelin at P14 (/) and of macrophages at P20 (/). Scale bar: (in 4) A-H, 2.5 um; 1,J, 0.5 pum.

supplemental material). In contrast, the increase in SCIP-positive
cells was much more dramatic, indicating an elevated proportion
of these cells (supplemental Fig. 2H,K, available at www.
jneurosci.org as supplemental material). Finally, analysis of the
expression of Sox2, an immature Schwann cells marker, also re-
vealed a significant increase in the proportion of this cell type
(data not shown). Altogether, these data indicate that the [268F
mutation results in an accumulation of immature and promyeli-
nating Schwann cells in the nerves.

The I268F neuropathy evolves in two distinct phases

To better characterize the hypomyelinating phenotype observed
in Krox20™*%71268F mutants, we performed an electron micros-
copy analysis of the sciatic nerve between P8 and P20. This re-
vealed that the myelination defect involves two phases. In the
early one, extending until ~P17, myelin appears to form, but
at a reduced rate compared with wild-type animals, resulting
in a delay in the formation of the sheath. Hence, at P8 in
Krox20™¢55/1268F animals, large-caliber axons are either amy-
elinated or covered with a very thin myelin sheath, compared
with the wild-type situation, where myelination is widely en-
gaged and some sheaths have already reached mature size
(Fig. 3A,E). At P14, the situation has only marginally im-
proved in homozygous mutant animals, with a slight increase
in the thickness of myelin sheaths, but still a large number of
amyelinated fibers, whereas myelination is almost complete in
wild-type animals (Fig. 3B,F). Furthermore, uncompacted
fibers (Fig. 3I) and unfoldings (data not shown) are observed
in the mutant. At P17, although the mutant nerves are still
hypomyelinated compared with the wild type, the condition
has improved, with a higher proportion of myelinated axons
and an increased, although still abnormal, thickness of the
myelin sheath (Fig. 3C,G). However, at ~P20, when myelina-
tion is completed in wild-type animals, the situation appears
to have suddenly degraded in mutant mice, with a dramatic
reduction of the proportion of myelinated axons and presence
of macrophages in the process of eliminating myelin debris
(Fig. 3D, H,J). This marks a second phase in the myelination
phenotype, which begins after P17 and continues until death
at ~3 weeks and involves a rapid degradation of previously
formed myelin. The destruction of the myelin may be related

to the presence of unfoldings and uncompacted myelin ob-
served at P17 and correlated with the presence of infiltrated
macrophages that were observed from P17.

The myelination delay correlates with maintenance of
Schwann cell proliferation

As indicated above, at P17, the myelination defect in mutant
sciatic nerves is accompanied by a probable increase in the num-
ber of Schwann cells. To investigate the origin of this accumula-
tion, we looked for possible differences in the rates of cell prolif-
eration and apoptosis between Krox20™**/25%% and wild-type
sciatic nerves. The proportion of cells in S phase was evaluated by
BrdU incorporation after a 2 h pulse, providing an estimate of the
rate of cell proliferation. At both P8 and P14, a twofold to three-
fold increase in the proportion of BrdU-positive cells was ob-
served in mutant compared with wild-type animals (Fig. 4A—
D,I). In contrast, no significant difference was found at P17 and
P20 (Fig. 41). To characterize these proliferating cells, we per-
formed double labeling for BrdU and S100 at P14. Most of the
BrdU-positive cells were found to express S100, indicating that
the proliferating cells belong to the Schwann cell lineage (supple-
mental Fig. 2 A-F, available at www.jneurosci.org as supplemen-
tal material).

The level of apoptosis was estimated by TUNEL. No signifi-
cant difference was observed between Krox20™%2¢5" and wild-
type mice at any stage (Fig. 4 E-H,]). Altogether, these data sug-
gest that the accumulation of Schwann cells observed at P17 in
the mutants is essentially caused by an increased cell proliferation
rate at earlier stages, possibly resulting from a defect in arrest of
proliferation. Hence, there is a striking correlation between the
delay in myelination and this increase in cell proliferation at P8
and P14. In contrast, when most Schwann cells have engaged into
myelination at P17, they have also stopped proliferating. Apopto-
sis does not appear to play a role in the variation in Schwann cells
number, even during the period of active myelin degradation. In
addition, this degradation process does not lead to reactivation of
cell proliferation.

Molecular phenotype of the Krox20™**">%" mutant
Because Krox20 is a transcription factor, the I268F mutation is
expected to result in modifications in gene expression, some of
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which being responsible for the observed

Schwann cell phenotype. To identify such
molecular alterations, we used quantitative
RT-PCR to compare the levels of mRNA of
a subset of genes between Krox20™5/1265¢
and wild-type animals. These genes were
selected on the basis of their known impli-
cation in myelination or Schwann cell de-
velopment, or of their reported regulation
during these processes (Jessen and Mirsky,
2005; Le et al., 2005a). In a first series of
experiments, we performed the measure-
ments at P4, an early stage in the myelina-
tion process, and at P20, when the myelin
sheath is being degraded in the mutant.
The outcome of this analysis allowed us to
classify the tested genes into three groups
(Fig. 5). The first one corresponds to genes
showing an at least twofold higher expres-
sion in the mutant at P4 and P20 or only at
P20 (Fig. 5A), the second one to genes
showing an at least twofold reduced ex-
pression at P4 or P20 (Fig. 5B), and the .
third to genes with more limited variations P8
(Fig. 5C). It is striking to observe that the
behavior of the vast majority of the tested
genes is consistent with the I268F mutation
reducing the activity of the Krox20 protein.
Hence, most of the genes belonging to the
first group (overexpressed in the mutant)
are associated with Schwann cell prolifera-
tion, as c-jun and cyclin D1 (CcnD1I) (Par-
kinson et al, 2004), or correspond to
markers of immature (FoxD3, 1d2, Id4,
Sox2) (Le et al., 2005a), promyelinating
(SCIP/Oct6) (Zorick et al., 1996), or non-
myelinating (Krox24) (Topilko et al., 1997) Schwann cells. These
genes are normally downregulated during myelination driven by
Krox20. The genes of the second group, whose expression is re-
duced in the mutant, are known or expected to be upregulated by
Krox20: they either encode myelin proteins (Mpz, Prx) (Wood
and Engel, 1976; Gillespie et al., 1994), are associated with the
inhibition of c-Jun activity and of cell proliferation (Jipl) (Par-
kinson et al., 2004), or are known to be downregulated in a
Krox20 hypomorphic mutant (Igf2) (Le et al., 2005a). To follow
the evolution of the expression of some of the misregulated genes
at a stage of hypomyelination we also performed RT-PCR analy-
ses at P17 on a subset of genes. The results were fully consistent
with the data obtained at P20 (Fig. 5A,B) showing that these
altered genes are not specifically linked in the mutant to the sec-
ond phase of the phenotype (myelin degradation). Finally, we
also tested genes associated with cholesterol and lipid synthesis
(Hmgcr and Cgt) at P17 and found that they were downregulated
fourfold to eightfold in the mutant (data not shown). These data
indicate that most of the disregulated genes in the mutant behave
in a manner consistent with an inability of Schwann cells to effi-
ciently differentiate and engage into the myelination process.
They are consistent with the immunolabeling experiments that
revealed a higher proportion of SCIP- and Sox2-positive cells in
the mutant nerves (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material) (data not shown).
There are, however, a few genes that do not comply with this
interpretation, implying that the I268F mutation acts as a simple
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Persistence of Schwann cell proliferation in Krox2
estimated by BrdU incorporation as revealed by immunostaining 2 h after intraperitoneal injection. The micrographs show BrdU
staining alone (4, €) or combined with nuclei counterstaining using Hoechst 33342 (B, D) on sciatic nerve sections from wild-type
or mutant mice at P14. E-H, Apoptosis was estimated using TUNEL staining. The micrographs show TUNEL staining alone (E, G)
or combined with nuclei counterstaining using Hoechst 33342 (F, H) on sciatic nerve sections from wild-type or mutant mice at
P20. Arrowsin B, D, F, and H point to double-labeled cells. /, J, Representation of the percentage of BrdU- (/) or TUNEL-positive
(J) nuclei at different stages. There is an increase in the rate of proliferation in mutant mice compared with wild-type animals at
P8 and P14, whereas no significant difference in apoptosis was observed at any stage. Histogram data are given as mean = SEM
for three animals. Statistical significance was determined using the Student’s ¢ test: *p << 0.05; **p << 0.01. Error bars indicate
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loss of function. NabI and Nab2 are known to be positively reg-
ulated by Krox20 both in the developing hindbrain (Mechta-
Grigoriou et al., 2000) (A. Desmazieres, P. Charnay, and P.
Gilardi-Hebenstreit, unpublished data) and in Schwann cells
(Le et al., 2005a). Nevertheless, they are overexpressed in
Krox20™8F/128F animals (Fig. 5A, B), rather dramatically in the
case of Nab2 (12-fold increase), suggesting that the Krox20™°%"
mutation could reinforce the activation of these genes. Another
exception is provided by LICAM, an immature and nonmyeli-
nating Schwann cell marker (Nieke and Schachner, 1985), which
is expected to be repressed in presence of Krox20 (Le et al.,
2005a). In this case, the expression is not significantly affected by
the mutation, suggesting that I268F is neutral for the regulation
of this gene.

In conclusion, most of the modifications in gene expression
observed in Krox20™°*"72%5F animals are consistent with a reduc-
tion of the activity of the Krox20 protein. However, the behavior
of a few genes suggest that the situation is more complex and that
in these cases the mutation has either no or an opposite effect.

The I1268F mutation also affects cranial nerve organization

Because Krox20 plays an essential role in hindbrain patterning
(Schneider-Maunoury et al., 1993, 1997, 1998; Seitanidou et al.,
1997; Giudicelli et al., 2001; Voiculescu et al., 2001), we investi-
gated the possibility that the I268F mutation might also affect this
process. More specifically, because Krox20 is necessary to the
development of rhombomere 3 (r3) and r5, we examined the
expression of different hindbrain segmental markers to analyze
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Figure 5.  The myelination defect correlates with abnormal levels of expression of several

genes involved in Schwann cell differentiation or proliferation. The mRNA levels were deter-
mined by RT-PCR analysis on samples of sciatic nerves at P4, P17, and P20. The graphs show the
ratios of mRNA levels in homozygous mutant versus wild-type animals, presented as fold in-
crease or decrease. A, The expression of a first subset of genes is increased in mutant compared
with wild-type animals. The ratios superior to the threshold of twofold (indicated by the top red
line) were considered significant. B, For a second subset of genes, the expression is decreased in
mutant compared with wild-type animals. The ratios superior to the threshold of twofold (in-
dicated by the lower red line) were considered significant. €, A last subset of genes showed only
limited variations in expression. Error bars indicate SEM.

the morphology and molecular identity of these rhombomeres.
In situ hybridizations were performed between the 3 and 26
somite stages (ss) with probes for Krox20, Nabl, Nab2, and
EphA4, which are all expressed in r3 and r5, and for Hoxb1, which
is expressed in r4 and in the posterior hindbrain and spinal cord.
Throughout this period, no difference was found between
Krox20"%85/12¢8F and wild-type embryos in the position, size, and
morphology of r3 and r5 (Fig. 6 A-L). Furthermore, no changes
were observed in the expression of EphA4 and HoxbI (Fig. 6K, L)
(data not shown). However, minor modifications were detected
in the levels of expression of Krox20 and Nab genes, with a per-
sistence of Krox20 ventral expression (Fig. 6 E, F) and slight ele-
vations in the levels of Nabl mRNA in r3 and of Nab2 mRNA in
15 (Fig. 6G-J ). Intermediate levels were observed in heterozygous
animals (data not shown). Altogether, these data suggest that in
the hindbrain the situation is radically different from the PNS,
because the Krox20™**" mutation does not have dramatic conse-
quences on gene expression and development in the hindbrain, in
contrast to the Schwann cells and to the null mutation, which
affects both cell types. Moreover, as Krox20 is known to positively
regulate its own expression as well as that of the Nabs in the
developing hindbrain (Seitanidou et al., 1997; Mechta-Grigoriou
et al., 2000; Giudicelli et al., 2001) (A. Desmazieres, P. Charnay,
and P. Gilardi-Hebenstreit, unpublished data), the slight upregu-
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lation of these genes can be interpreted as the 1268F mutation
resulting in a Krox20 gain of function in this tissue.

Another phenotype associated with the Krox20 null mutation
is a modification of the organization of cranial nerves and gan-
glia, with a fusion of trigeminal (V) and facial/acoustic (VII/VIII)
ganglia and an abnormal proximity of glossopharyngeal (IX) and
vagal (X) nerves (Schneider-Maunoury et al., 1993; Le et al,,
2005a). We therefore also investigated whether the 1268F muta-
tion might affect the cranial nerve and ganglia organization. For
this purpose, we revealed this organization by performing an
immunostaining analysis of embryonic day 10.5 (E10.5) embryos
with an antibody directed against neurofilaments (2H3).
Whereas cranial nerve organization is not affected in heterozy-
gous embryos (data not shown), it is altered in Krox20'2¢57//268F
embryos (Fig. 6 M—-0), with a variable penetrance. The most
common defect is a close apposition and partial intermingling of
nerves IX and X (n = 5/6) (Fig. 6 N), whereas a fusion of ganglia
V and VII/VIII is only occasionally observed (n = 1/6) (Fig. 60).
Therefore, in this case, in contrast to the hindbrain, the I268F
mutation appears to partially mimic the null mutation, consis-
tent with a partial loss of function.

Discussion

In the present work, we investigated the consequences of the
disruption of the interaction between Krox20 and its Nab cofac-
tors in the mouse. We found that it leads to a peripheral neurop-
athy with a biphasic evolution that could constitute a novel and
interesting model for human pathologies. In addition, this mu-
tation induces a disorganization of cranial nerves, but no signif-
icant phenotype in the hindbrain. Finally, the molecular analysis
of these phenotypes and their interpretation provides some clues
about the functions of the Nab proteins in the process of Krox20-
driven transcriptional control. These different issues are dis-
cussed in detail below.

Physiological consequences of the disruption of

Krox20—Nab interaction

Krox20 is known to play an essential role in PNS myelination
because total or partial loss-of-function mutations lead to com-
plete absence of myelin (Topilko et al., 1994; Le et al., 2005a). In
the present work, we established that the I1268F mutation, which
we have shown to prevent Krox20—Nab interaction, results in a
severe hypomyelination. The pathology shows original charac-
teristics, in particular a biphasic evolution. During the first two
postnatal weeks, homozygous mutant animals suffer from pe-
ripheral hypomyelination, with progressive impairment and pa-
ralysis of the limbs. The hypomyelination is accompanied by an
elevated proliferation rate of the Schwann cells, although it is not
clear whether this abnormal proliferation is in part a consequence
or a cause of the differentiation block. The situation deteriorates
seriously during the third week with the development of a severe
demyelination leading to animal death. This demyelination
phase is accompanied by infiltration of the nerves by macro-
phages not observed at earlier stages. However it is not yet clear
whether the inflammatory response is the direct cause of myelin
degradation or the macrophages are simply recruited to clear the
myelin debris resulting from another mechanism.

The initial hypomyelination observed in Krox20°** homozy-
gous mutants is similar to the phenotype reported for the double
knock-out of Nabl and Nab2 (Le et al., 2005b), suggesting that
the main role of Nab factors may involve their interaction with
Krox20. However, no time-course analysis was performed in the
latter study and the possible occurrence of a demyelination phase
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The 1268F mutation affects cranial nerve organization. A-F, Time-course analysis of Krox20 expression by in situ hybridization between E8 and E9.5. The only difference observed

between Krox20'?657?¢%F (B, D, F) and wild-type (A, C, E) embryos is a slight delay in the extinction of Krox20 expression in ventral r3 and 5 at 26 ss (E9.5) (F, arrows). G-J, Analysis of Nab1 and
Nab2 expression by in situ hybridization at E8.5. Normalization of the signal by colabeling of the midhindbrain junction with an Fgf8 (fibroblast growth factor 8) probe suggests that Nab7 and Nab2
expression levelsin r3 and r5 are increased in homozygous mutant (H, J) compared with wild-type (G, I) embryos. K, L, Analysis of EphA4 expression by in situ hybridization shows no modification
inthe mutant at E9.5. M—0, Cranial nerve organization was revealed by neurofilament immunolabeling performed on whole-mount embryos at E10.5. Homozygous mutant embryos show cranial
nerve abnormalities: close apposition and partial intermingling of nerve roots IX (glossopharyngial) and X (vague) (N, white arrow) and fusion of ganglia VII/VIIl (vestibuloacoustic) and V

(trigeminal) (0, white arrow). pr3, Prerhombomere 3; mhb, midhindbrain junction.

has not been reported. Additional studies of the double Nab
knock-out will therefore be required to determine whether the
phenotypes are identical or whether the demyelination is specific
to the Krox20™°*""2%8F mutant. This latter possibility would sug-
gest that the replacement of 1268 not only affects Krox20-Nab
interactions, but another Krox20 property as well.

We also shown that, in contrast to the loss-of-function muta-
tions, the Krox20™°%F mutation only results in minor modifica-
tions of gene expression in the developing hindbrain, affecting
Krox20 itself and the Nabs. Whether these alterations have any
morphological or physiological consequences remains to be de-
termined. In any case, this indicates that, despite the specific
presence of the Nab proteins in r3 and r5, the Krox20—Nab in-
teraction is not likely to play a significant role in modulating the
transcriptional activity of Krox20 in the hindbrain, in contrast to
Schwann cells. Finally, the Krox20™**" mutation results in an
abnormal organization of cranial nerves and ganglia, a phenotype
that is reminiscent of the one associated with the complete loss of
function, although less penetrant. Initially, this latter phenotype
was proposed to constitute a consequence of the elimination of r3

and r5 in the Krox20 null mutant (Schneider-Maunoury et al.,
1993, 1997). However, because these rhombomeres are main-
tained in the Krox20™°*F mutant, another mechanism has to be
found.

Molecular functions of the Nab factors

According to previous studies, the molecular function of the Nab
proteins in the transcriptional regulation by Krox20 appears con-
fusing: several studies (mostly involving cell culture systems) sug-
gest that Nabs act as antagonists of Krox20 and, more generally,
of Krox20 family members (Russo et al., 1995; Swirnoff et al.,
1998), whereas the analysis of the Nab double knock-out mutant
suggests that in Schwann cells they may constitute agonists of
Krox20 (Le et al., 2005b). Our analysis establishes that the situa-
tion is indeed complex. In Schwann cells, prevention of Krox20—
Nab interaction mostly appears as a partial loss of function of
Krox20, suggesting that the Nabs are indeed acting as agonists of
Krox20: the hypomyelination of the Krox20™°*" mutant is fully
consistent with this interpretation and, in addition, at the tran-
scriptional level, this mutation affects the expression of most of
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the genes regulated during the myelination process in the same
direction as the Krox20 null mutation. Krox20 has been proposed
to directly control the transcription of several genes expressed in
Schwann cells (Zorick et al., 1999; Bondurand et al., 2001; Musso
etal., 2001; Taveggia et al., 2004; LeBlanc et al., 2006). The fact
that we observe modifications in gene expression in
Krox20™¢3/1258F mutants both for upregulated and downregu-
lated genes suggests that Nab proteins may cooperate with
Krox20 for both activation and repression of its targets. How-
ever, we noticed that in a few cases Krox20 appears to act
independently of Nabs or to be even antagonized by these
factors: the regulation of the L1-CAM gene, which is dere-
pressed in the absence of Krox20 (Le et al., 2005a), is not
affected by the Krox20™°F mutation; Nabl and Nab2, which
are themselves under positive regulation by Krox20, are over-
expressed in the Krox20”%%F mutant. These latter data suggest
a versatile molecular function for Nabs, an idea that is rein-
forced by the analysis of their role in hindbrain development.
They also suggest that in some respects the I1268F mutation
may act as a gain of function. However, no phenotype could be
associated with the heterozygous state in the PNS. We also
shown in this study that prevention of Krox20—Nab interac-
tion has only minor consequences on hindbrain patterning,
such as a slight overexpression of Nab genes and persistence of
Krox20 expression in the ventral hindbrain. Therefore, the
function of Nabs in transcriptional activation or repression by
Krox20 depends on the target gene and on the cell type con-
sidered. In Schwann cells, Nabs operate as Krox20 agonists for
most target genes, whereas in the hindbrain most of the tran-
scription controlled by Krox20 is independent from Nabs. In
both systems, Nabs appear to antagonize their own
expression.

A novel model for peripheral neuropathy

As expected, the pathology of Krox20?**2%5 mice presents
characteristics similar to those of its human counterpart, a rare
disease that affects patients carrying a replacement of 1268. This is
an early and very severe peripheral neuropathy that has been
classified as congenital hypomyelinating neuropathy (Warner et
al., 1998). It leads to a near complete loss of myelin sheath with
severe reduction of MBP immunoreactivity (Szigeti et al., 2007),
like in the Krox20™**?%%F mice. In both cases, the mutation
appears recessive. The Krox20™**" mutant mice will therefore
constitute a useful animal model for this form of CHN. However,
as discussed above, the myelinopathy in Krox20™**/12¢5F mutants
is biphasic, a hypomyelination phase preceding the demyelina-
tion. It is not known whether the human disease also involves
such an evolution. This possibility should now be investigated.
Myelin degradation has been observed previously in others hy-
pomyelinating mouse models, but it usually occurs much more
slowly and at a later stage (Giese et al., 1992). In humans, acute or
subacute myelin degradation has been described in several pa-
thologies (Rudnik-Schoneborn etal., 1993; Ginsberg et al., 2004),
and our mutant should therefore provide an interesting model to
study this process as well.

The fact that Nabs act as agonists of Krox20 for most but not
all of its target genes in Schwann cells may explain the biphasic
evolution of the Krox20™¢#"/2%8F phenotype. The involvement of
Nabs in the activation of myelin genes or in the repression of
genes required for Schwann cell proliferation accounts for the
hypomyelination phase. However, our data raise the possibility
that the expression of all myelin components is not affected in the
same manner by the mutation and, therefore, that the myelin
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would not only be synthesized at low levels but also be of abnor-
mal composition, resulting in its instability or in the induction of
an immune response. In both cases, this would lead to myelin
destruction and explain the demyelination that occurs during the
third postnatal week. An alternative explanation would be that
the relatively low level of Krox20 activity associated with the
Krox20”°*F mutation is sufficient for the initiation of myelina-
tion, but not for the maintenance of the myelin sheath. As a
result, myelin would be degraded, in agreement with our previ-
ous observation that lack of Krox20 activity in the adult results in
rapid demyelination (Decker et al., 2006).

In conclusion, in the present work we have shown that the
disruption of Krox20—Nab interaction in the mouse should con-
stitute a novel and interesting model for different forms of severe
peripheral neuropathies in humans.
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